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QUASICONTINUOUS DECAY OF SUPERDEFORMED 

EXCITATIONS IN LEAD NUCLEI 

JOLIE A. CIZEWSKI, MICAH JOHNSON 
Department of Physics and Astronomy, Rutgers University, New Brunswick, NJ  

0885~-8019 USA 

DENNIS P. MCNABB 

Nuclear Science Divison, Lawrence Livennore National Laboratory, Livermore, 
CA 94550 USA 

The shape of the spectrum associated with the quasicontinuous (QC) decay of 
superdeformed rotational bands in even- and odd-mass Pb isotopes is sensitive to 
the gap in level density at finite temperature and angular momentum at normal 
deformations. This gap in level density was deduced to be -0.95 MeV at 6h for 
ls4Pb and -0.4 MeV at 10h for lg2Pb, while the shape of the QC spectrum for 
lg5Pb is consistent with no gap in the level density at about l lh.  

1. Introduction 

Nuclear excitations at large elongations, superdeformed (SD) shapes, have 
been observed in many nuclei in the A - 190 region. These excitations at 
high angular momenta are identified by the characteristic ?-ray spectrum 
of equally-spaced transitions, where the spacing is inversely proportional to 
the moment of inertia. A particular example is lg4Pb where the superde- 
formed rotational band has been observed down to the 6+ state and 12 
one-step transitions between SD and excitations with normal deformations 
(ND) have been identified'i2. However, these one-step transitions only ac- 
count for about 20% of the intensity of the SD band. In other nuclei in the 
A N 190 region one-step transitions account for at most 5% of the total SD 
intentisy. The present paper will highlight the dominant mode by which 
SD bands decay: multistep processes between the SD and ND states which 
form a quasicontinuous (QC) spectrum. 

1 
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2. Experimental Procedures 

These measurements have been a collaboration of scientists from Argonne, 
Livermore and Berkeley National Laboratories, the Institut de Recherches 
at Strasbourg, and Rutgers University. The experiments were performed 
at the Lawrence Berkeley National Laboratory 88-Inch Cyclotron facility 
and y-ray spectroscopy was enabled by Gammasphere with 88-95 Compton- 
suppressed Ge detectors. The reactions involved 24925*26Mg beams on gold- 
backed 173t174Yb targets to populate SD excitations in 19211949195Pb. The 
response function of Gammasphere had previously been determined and 
used to unfold the y-ray spectra, correct for efficiency, and account for 
summing events, using standard technique~~9~. 

Figure 1. Schematic model of the QC decay of SD bands in even-even nuclei. (a) First 
step; (b) Second step (dotted transitions terminate above the ND line); (c) QC spectrum 
for 2-step decay; (d) QC spectrum for %step decay with back-shifted Fermi gas. 

3. Population and Decay of Superdeformed Excitations 

The residual superdeformed nucleus is populated at high energy and angular 
momentum following evaporation of neutrons from a hot residue following 
the heavy-ion fusion reaction. The initial de-excitation is via statistical y- 
rays, predominantly of E l  character, which cool the evaporation residue to 
excitations within ~1 MeV of the yrast SD line, bound within the second 
well of the potential energy surface. The nucleus continues to lose energy 
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and angular momentum via mixed M1/E2 transitions between excited SD 
bands, and stretched E2 transitions between excited SD bands, until the 
yrast SD line is reached, and the decay proceeds via the characteristic 
equally spaced enhanced E2 y r a y  transitions which were used to identify 
the SD excitations. At some point the nucleus is several MeV in excitation 
above the normal yrast line. Although the transitions within the SD band 
are highly collective, these states a t  the bottom of the SD band mix with 
levels with similar quantum numbers at normal deformation and the energy 
factor enhances the transition probabilities to states of normal deformation, 
towards the ND yrast line. 

Since the decay of SD excitations proceeds via mixing with states with 
normal deformations at the same energy and angular momentum, the quasi- 
continuous spectrum associated with the decay of these SD bands represents 
the decay of excitations at finite energy, 2-4 MeV above the yrast line, and 
finite angular momentum, 6-12h. 

The expected shape of this QC decay spectrum can be predicted by 
a simple schematic model5 in which the level density is approximated by 
constant level spacing up to the excitation energy, U, above the yrast line, 
given by the energy above yrast at which the SD band decays to ND ex- 
citations. As a result of pairing correlations, a gap of energy G between 
the yrast line at a given spin and the onset of this simple level density is 
expected in even-even nuclei. The ?-ray strength function can be approx- 
imated by an exponential dependence on ?-ray energy, where E: can be 
chosen to approximate the effects of the tail of the giant dipole resonance 
for El transitions. The cy-ray spectrum associated with the first step of the 
decay in this schematic model is shown in Fig. la: a discrete peak at energy 
U, for the transition to the ND past line, with the next highest transition 
at energy U-G, for the highest energy transition to states above the yrast 
line, followed by an exponential decrease in intensity for lower energy tran- 
sitions. The initial states for the second step of the decay are the final 
states from the first step of the decay. The spectrum associated with the 
second step in the SD decay has two components. The first is for transitions 
which terminate at the yrast line. The highest transition is of energy U, 
with very low intensity, and lowest energy transition with energy G .  The 
other component of the second step in the QC decay is transitions which 
terminate above the yrast line, and is a spectrum which is a convolution of 
the QC spectrum in the first step with itself. The unresolved decay com- 
ponents for the SD bands in 19211949195Pb are observed to be dominated by 
two-step pathways. Therefore, only 2 steps were included in the schematic 



October 4, 2002 17:42 WSPC/Trim Size: 9in x 6in for Proceedings cgs'procs'sep25a 

4 

model, giving rise to the spectrum displayed in Fig. IC: a discrete peak at 
energy U, with very low intensity for energies down to U-G, at which point 
the intensity dramatically rises. These properties of the QC spectrum are 
also expected from the more realistic level density Fermi gas model, with a 
backshift parameter given by G, as shown in Fig. 2d. 

w . 

Figure 2. (a) lg4Pb SD-gated spectrum of unresolved transitions. Unresolved transi- 
tions that depopulate the SD bands in (b) lg4Pb and (c) lg2Pb. Excitation energies, U, 
of the SD bands relative to the yrast state are indicated. 

4. Quasicontinuous decay spectra of SD bands in even-even 

The quasicontinuous components of the SD spectrum associated with the 
SD band in lg4Pb are displayed in Fig. 2a. At highest energies are the 
statistical transitions, which cool the residue after evaporation of neutrons. 
The stretched E2 transitions between excited SD bands are identified by 
characteristic angular distributions, which enables a separation from the 
QC decay transitions which have more isotropic angular distributions. At 
lowest energy are the mixed M1/E2 transitions between excited SD bands, 
again identified by the angular distributions. The transitions associated 
with the QC decay can then be isolated, and are displayed in Fig. 2b,c. 

The spectrum in Fig. 2b associated with the QC decay of the SD band 
in lg4Pb has the shape expected from the schematic model. U is the energy 
of the one-step discrete transitions, determined previously'%2. There is a 
dramatic rise in intensity at an energy of about -0.9 MeV below that of 
the one-step transitions. This dramatic rise is exactly what is expected 
from a level density formulation with a backshift parameter of -0.9 MeV. 
In Ig4Pb the SD band decays at about 6A. 

For lg2Pb, displayed in Fig. 2c, a one-step transition of 2.0 MeV has 

P b  isotopes 



October 4, 2002 17:42 WSPC/Trim Size: 9in x 6in for Proceedings cgs'procs'sep25a 

5 

been observed and the SD band decays to ND excitations at 10h6 For 
lg2Pb the gap is deduced to be -0.4 MeV. Therefore, a rapid decrease in 
gap energy is observed in the Pb isotopes from the 1.8 MeV at zero spin to  
about 0.4 MeV at  1Oh. These results suggest that it is probably appropriate 
to assume no gap in level density, or backshift parameter, when analyzing 
level densities at high (> 10h) spins. 

5.  Quasicontinuous decay spectra of SD bands in lg5Pb 

In an odd-mass nucleus no gap in level density is expected. A schematic 
model with constant temperature level density can be used to predict the 
shape expected for the QC decay of an SD band, now for an odd-mass 
nucleus. With no gap in level density, the QC spectrum should smoothly 
extend towards the excitation energy of the SD band above the yrast line. 
To normalize the predicted shape, the experimental multiplicity of 2 was 
used. The resultant spectra for the first and second steps, and total spec- 
trum terminating after 2 steps are shown in Fig. 3. 

U E 

U E  

Figure 3. 
and second steps of the decay; (b) QC spectrum for 2-step decay. 

Schematic model of the QC decay of SD bands in an odd-A nucleus. (a) First 

Four SD bands have been identified in lg5Pb7. Since SD bands 1 and 
2 are in coincidence with each other at low energy, the sum of the QC 
spectra associated with these bands are analyzed, and displayed in Fig. 
4. The total non-discrete spectrum for lg5Pb has the same components 
as for even-A isotopes: statistical transitions at high energy which cool 
the nucleus to excited SD bands which decay by intraband stretched E2 
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transitions and interband mixed M1 /E2 transitions, and a quasicontinuum 
of transitions populating the ND states. The statistical transitions at high 
energy, and the feeding E2 transitions (identified by their characteristic 
angular distributions) have been subtracted to yield the QC decay spectrum 
in Fig. 5.  This spectrum extends smoothly to  high spins - as expected for 
no gap in level density. In the case of lg5Pb no discrete one-step transitions 
connecting the SD and ND excitations have been identified. Rather, two 
methods have been used to  estimate the energy above yrast, U, of the 
SD excitations. In the first the QC decay spectrum is examined at high 
energy and the value of U is determined as the energy at which the QC 
spectrum statistically deviates from zero intensity. In the second method, 
the energy removed by the QC decay transitions, determined by the average 
energy of these transitions and the multiplicity of this QC component, is 
used to determine the energy above yrast. Both methods give a value of 
U-2.6 MeV at - Ilk, which is similar to the value for lg4Pb determined 
from the discrete one-step transitions. 

Unresolved Components of SD Spectrum 
'% so-i + SD-z 

a*, . . . . . . . , 

Figure 4. lg5Pb SD-gated spectrum of unresolved transitions. 

6. Summary 

The quasicontinuous decay of superdeformed rotational bands in 
19231949195Pb has been used to probe the level density of normal deformed 
excitations at finite excitation energy and angular momentum. The shape 
of the QC decay spectra are particularly sensitive to any gap in level density, 
or backshift parameter. In the even-even lg231g4Pb the QC decay spectra 
are consistent with a finite gap in level density, which is considerably less 
than the 1.8 MeV value at zero spin, and decreases from ~0.9 MeV at 6h 
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Figure 5. Preliminary results for the QC decay spectrum for SD bands 1+2 in lg5Pb. 

to -0.4 MeV at 10h. For the odd-mass lg5Pb, the spectrum is consistent 
with no gap in level density, as expected for an odd mass nucleus. From the 
shape of this QC spectrum an excitation energy above past of -2.6 MeV 
at N l l h  can be extracted. 
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